We have established a method for quantifying binding of fluorescenc~-labeled growth factors to their receptors on single cells in situ with the confocal laser scanning microscope (CLSM). Biotinylated epidermal growth factor (EGF) coupled to phymrythrin-labeled anti-biotin was used to compare the levels of fluorescence on three different cell types fot which the number of EGF factors was kaown from Scatchard analysis of [12SI]-EGF binding. The results showed that Correspondence to: Michael J. Good, Hubrecht Laboratory, Netherlands Inst. for Developmental Biology, Uppsalalaan 8, 3584 CT Utrecht, The Netherlands.
Introduction
Polypeptide growth factors play an important role in the regulation of cell proliferation both in vivo and in vitro. They exert their effects by binding to specific plasma membrane-located receptors on target cells, where they induce a cascade of events that lead to their ultimate biological effect. The receptor for epidermal growth factor (EGF), among the first identified and cloned, has been particularly well characterized (reviewed in Carpenter and Cohen, 1990; Stoschek and King, 1986) , and often serves as a model for receptors of the tyrosine kinase family. Several observations indicate that growth factors may affect growth and differentiation during embryonic development (reviewed in Mummery and van den Eijnden-van Raaij, 1990 ). To elucidate the mechanism of growth factor action during embryogenesis, it is necessary to establish the temporal and spatial pattern of growth factor and receptor expression during development. To date, autoradiography of [ 1Z51]-EGF binding has been the only method used to visualize binding to receptors in pre-and post-implantation embryos (Adamson, 1990; Paria and Dey, 1990; Adamson and Meek, 1984) . As an alternative to autoradiographic techniques, we have developed a method that employs confocal laser scanning microscopy (CUM). The ability of the CUM to scan accurately in the X, Y, and Z directions, combined with optimal illumination and exclusive imaging of the focal point, is responsible for the confocal section effect and leads to the enhanced resolution of CUM compared with conventional light microscopy (White et al., 1987) . The optical sections can be subsequently processed into three-dimensional images of the object, and specific sofrware can be applied to obtain parameters such as the fluorescence intensity of an appropriately labeled probe. Three-dimensional reconstructions of double immunofluorescencelabeled multicellular specimens, such as an embryo, would lead to a better understanding of the temporal and spatial distribution of growth factor receptors. This should be especially &I for receptors that have not yet been cloned or for which anti-receptor antibodies are unavailable. These properties make CLSM attractive for studying the presence of growth factor receptors in developing embryos, providing that the sensitivity of the CUM is sufficient to identify cells with low numbers of receptors.
Here we have studied the sensitivity of the CLSM by determination of EGFbiotin binding to different cell types that express various numbers of EGF receptors. These cell types include A431 epithelial carcinoma cells and P19END-2 and P19EPI-7 cells, which express 1.6 x lo6, 6.9 x lo4, and 4.0 x lo4 receptorskell, respectively, as determined by Scatchard analysis using [ 1211]-EGF (Wiegant et al. 1986; Mummery et al., 1985) . In addition, receptor occupancy was modulated experimentally by using different concentrations of EGF (Berkers et al., 1991) . With CLSM, less than 10,000 labeled receptors per cell were detectable above background; in addition, the cellular localization of EGF receptors in terms of their distribution between the cell surface, nucleus, and cytoplasm became clear. The implications of the method are discussed.
Materials and Methods
Cell Culture. P19EC cells (Jones-Villeneuve et al., 1982; McBurney and Rogers 1982) , and their differentiated derivatives, Pl9END-2 and PlgEPI-7 cells, were grown in a 1:1 mixture of Dulbecco's modified Eagle's medium (DMEM) and Ham's F12 medium (DF Flow Laboratories, Zwanenburg, The Netherlands) supplemented with 7.5% fetal calf serum (FCS; Integro, Zaandam, The Netherlands) and buffered with NaHCO3 (44 mM) in a 7.5% CO2 atmosphere at 37°C on gelatinized tissue culture plastic (Nunc; Roskilde, Denmark), as described previously (Mummery et al., 1984) . A431 human epidermoid carcinoma cells (Haigler et al., 1978) were grown in DMEM supplemented with 7.5% FCS. Trypsin (Flow Labs)/EDTA was used to detach cells for passage. P19EC cells were routinely passaged three times weekly (1 x lo6 per 75 cm2 flask), and P19END-2, Pl9EPI-7, and A431 cells twice weekly (0.4, 0.65 and 0.5 x lo6 cells per 75 cm2 flask, respectively).
Immunofluorescence Localization of Biotinylated EGF. Cells for immunofluorescence labeling of biotinylated EGF were plated on gelatinized glass coverslips (15 mm) at such a density that cultures were approximately 70% confluent after 3 days of growth. For P19END-2. this was 5.2 x lo3 cells/cm2, for P19EPI-7 5.8 x IO3 cells/cm2, and for A431 9.2 x lo3 cells/cm2. All labeling procedures were carried out on ice. The cells were washed three times for 10 min at 4°C with HEPES (25 mM)-buffered DMEM without serum plus 0.2% BSA and were incubated for 2 hr with 80 pl of medium containing various concentrations of EGF-biotin (2,20,200 ng/ml), or with various concentrations of unlabeled EGF (Biomedical Technologies; Waltham, MA) as indicated. EGF-biotin (Boehringer; Mannheim, Germany) and other biotinylated growth factors have been shown to be biologically active and us& as a tool for the detection ofspecific receptor-ligand binding activity (Kayser et al., 1990; Newman et al., 1989) . Control cultures to determine nonspecific binding were incubated with 1000-fold excess of unlabeled EGF. The cells were then washed several times with DMEM at 4'C and subsequently fixed with 3.5% paraformaldehyde in 0.1 M PBS (Glauert, 1975) for 30 min. After several washes with 0.1 M PBS containing 0.5% bovine serum albumin (BSA) (Sigma; St Louis, MO), and 0.2% gelatin (Sigma), the fixative was quenched for 30 min in 0.1 M PBS with glycine (50 mM). All cultures were washed overnight in PBS/0.2% BSA. The cells were then incubated for 1 hr with rabbit anti-biotin (dilution 1:SOOO) (Enzo Diagnostics; New York, NY), washed three times in PBS/O.2% BSA, and incubated for 1 hr with phycoerythrin-conjugated goat anti-rabbit IgG F(ab)2 fragments (human affinity-purified; dilution MOO) (%go; San Francisco, CA). The cultures were subsequentlywashed for 1 hr with PBSIO.Z% BSA. The coverslips were then inverted and embedded in Moviol (Hoechst; Frankfurt, Germany). Moviol was found to photoprotect the phycoerythrin fluorochrome better than other known anti-photobleaching reagents. Phycoerythrin was used in this study because it is particularly suitable for detecting low levels of fluorescence; it has a high extinction coefficient (Em = 2.4 x lo6 cm-' m-l) and high fluorescence quantum yield (Q = .98) (?Sien and Waggoner, 1989; Mathies and Stryer, 1986; Oi et al., 1982) . In addition, its background fluorescence intensity is minimal and the emitted fluorescence intensity at an excitation wavelength of 488 nm is 14.5 times higher than that in an equimolar solution of fluorescein (Oi et al., 1982) .
Confocal Laser Scanning Fluorescence Microscopy (CLSM) and Image Analysis. Biotinylated EGF coupled to a phycoerythrin-labeled rabbit antibiotin was used to visualize cell surface EGF receptors. To quantdy the fluores-cence intensity in situ, high-resolution fluorescence images are required. In this study a Bio-Rad Lasersharp MRC-500 Laser Scanning head (Bio-Rad; Richmond, CA) was used, mounted on a Zeiss Axioplan microscope equipped with a x40 oil-immersion lens (NA = 1.3). The CUM collects images that are free of out-of-focus blur, unlike standard fluorescence microscopes, therefore greatly improving in-plane resolution along the Z-axis (Wells et al., 1989; White et al., 1987) . The CUM essentially acts as an "optical microtome," allowing the sectioning of fluorescence-labeled cells sequentially and storage of each optical section digitally. The serially collected Z-sections are then projected consecutively to produce an in-focus representation of the whole specimen. The optical section thickness, and therefore the Z-axis resolution, is a function of the numerical aperture of the lens and the aperture size of the adjustable confocal pinhole (Wilson, 1989) . In this study the pinhole aperture was set at 1.6 mm, which gave the best signal-to-noise ratio and image resolution. The photomultiplier gain was manually set at 848, while the black level control was set to automatic so that the dark count in the photomultiplier tube was zero. The laser power was maximal with a neutral density filter number 2. Settings were rigorously maintained for all quantification experiments.
Data were quantified as follows. Coverslips were scanned from left to right, moving down several pm to a position unaffected by the last horizontal pass, then right to left until 10-12 areas of cells had been covered. Typically, an area of 20745.4 pm2 (384 x 512 pixels) was scanned. Each frame had a scan time of 0.5 sec at zoom factor 1.5. Every pm section was the average of seven scans. Areas of the cell culture were selected for scanning on the basis of cell morphology in the differential interference conuast (DIC) image (no rounded mitotic cells), local cell density (near confluence), and the absence of coverslip edge effects. The microscope table was set manually so that the first 2-section was collected just basal of the cells to be analyzed. A computer-driven MACRO was then initiated, to collect a pre-set number of fluorescent 2-sections, the associated DIC image, and the 2-series projection. Although in principle areas in which cell cultures were virtually confluent were selected for scanning, where cells did not cover the entire 20745.4 bm2 the complex command AREA was used to delineate a particular area of cells as described by van Oostveldt and Bauwens (1990) . Otherwise, the complex command STATS was used to calculate the mean pixel intensity/ pn2 and total fluorescence intensity for the maximum projected images. The complex command AREA was also used to calculate the approximate surface areas for single cells for each cell type used in this study. This information was used to calculate receptor numberlpn' for all [ '251]-EGF binding studies.
[1Z51]-EGF Binding Studies. Cell cultures grown for 3 days in tissue culture clusters (12-well plates) (Costar; Badhoevedorp, The Netherlands) to approximate 70% confluence, as above, were washed three times with PBS (pH 7.4). The cells were then incubated for 2 hr on ice in various concentrations of [ 12'I]-EGF (100,000 cpmlng) in 0.5 ml DMEM supplemented with 0.1% BSA and buffered with 25 mM Hepes (pH 7.4). Unbound [ '*'I]-EGF was removed by washing the cells several times with ice-cold PBS, and cell-associated radioactivity m determined by solubilizing the cells in 1 M NaOH and measuring the radioactivity in a gamma counter. Nonspecific binding of [ 12'I]-EGF was determined by subtracting the amount of radioactivity bound in the presence of excess unlabeled EGF essentially as described previously (Boonstra et al., 1985) .
Results and Discussion
Binding of EGFBiotin to A431 Cells: Visualization by CLSM The human epidermal carcinoma cell line A431 has been extensively used as a model system to study the interaction between EGF and the EGF receptor, since it has been shown to express high num- . .
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. _ . difference between specific and nonspecific labeling. Threedimensional (stereo) images revealed that the majority of the nonspecific labeling was located around the nucleus of the control cells, whereas that of the specific EGF signal was exclusively located on the surface of the cells. The nonspecific label is caused by the phycoerythrin conjugate and not by EGF-biotin, since the fluorescent probe is exposed to cells that were fixed with paraformaldehyde, a treatment that has been shown to cause cell permeabilization , the phycoerythrin conjugate is able to penetrate into the cells, in contrast to EGF-biotin which was exposed to living cells.
Quantz)5cation of EGFBiotin Binding to A431 Cells
The CUM provides a means to quantify fluorescence intensity, as described in Materials and Methods. As shown in Figure lC , the nonspecific fluorescence of A431 cells was obtained by incubation of the cells with 2, 20, or 200 ng/ml EGF-biotin in the presence of a 1000-fold excess of unlabeled EGF. Quantifying the fluorescence intensity/pm2 of these cells yielded a mean value of 27.3 (k 0.41 SEM), this value being independent of the EGF-biotin concentration used. These observations demonstrate again that the nonspecific binding is caused by nonspecific binding of the phycoerythrin conjugate rather than by nonspecific binding of EGELbiotin. Subsequently the fluorescence intensity was determined for cells incubated in the presence of 2,20, or 200 ng/ml EGF-biotin (Figures lB, 1E, and 1H) . Subtraction of the value for the non-specific fluorescence intensity from the total fluorescence intensity yielded the specific fluorescence intensity/pm2. As shown in Figure 2 , the specific fluorescence intensity/ pm2 increased significantly in cells incubated in the presence of increasing EGF-biotin concentrations. In parallel experiments, the EGF receptor occupancy was determined by ('2SI]-EGF binding assays as described in Materials and Methods. With 2, 20, or 200 ng/ml [ 1211]-EGF, the specific binding was determined as [ '2SI]-EGF bound (fmols/105 cells). As shown in Figure 2 , the relationship between the EGF-biotin concentration and the specific fluorescence intensity correlated well with the relationship between [ 'ZSI]-EGF concentration and the specific EGF binding. These results clearly demonstrate the applicability of CUM for quantifying receptor numbers. However, it should be noted that A431 cells contain unusually high numbers of EGF receptors (2 x 106/cell) compared with most other EGF receptor-containing cell types. To obtain insight into the sensitivity of the CUM for determination of receptor numbers on single cells, similar experiments were performed in P19END-2 cells, which contain on average only 69,000 receptors/cell .
Bindng of EGFBiotin to P19END-2 Cells: Visualization by CLSM
The visceral endoderm-like cell line P19END-2 was originally derived from undifferentiated P19EC cells by cloning from EC cell aggregates treated with retinoic acid (RA) . Undifferentiated EC cells do not usually express receptors for EGF, although in their immediate differentiated progeny significant levels of ligand binding are detectable (Mummery et al., ,1986 (Mummery et al., ,1989 Rees et al., 1979) .
P19END-2 cells were incubated in the presence of 2, 20, or 200 ng/ml EGELbiotin for 2 hr at 4"C, followed by fixation and immunofluorescence labeling as described in Materials and Methods. The fluorescence-labeled EGF-biotin was distributed in a speckled pattern, the labeling intensity clearly depending on the ligand concentration (as shown in Figures 3B, 3F, and 3J) . The three-dimensional (stereo) images showed that the majority of the labeling was located at the cell surface, as would be expected after binding at 4"C, and no morphological changes could be detected (Figures 3A, 3E , and 31). Nonspecific binding at each EGELbiotin concentration was assessed by co-incubation with a 1000-fold excess of unlabeled EGF (Figures 3C, 3G , and 3K), as described for A431 cells. As in A431 cells, the nonspecific fluorescence intensity in P19END-2 was independent of the EGF-biotin concentration. From three-dimensional (stereo) images, it appeared that nonspecific labeling was located around the nucleus, independently of whether EGF-biotin or anti-biotin was omitted during incubation ( Figures 3D and 3H , respectively). The nonspecific labeling was therefore primarily due to the GaR phycoerythrin labeling in this cell type. Even at low concentrations of EGF-biotin, however, with only a fraction of receptors occupied, specific binding of EGF to the cell surface could be detected above background levels using the method described.
Quantzj5cation of EGFBiotin Binding to P19END-2 Cells
As shown above for A431 cells, the fluorescence intensity of EGFbiotin-labeled P19END-2 cells was determined as described under Materials and Methods. However, because of the low number of EGF receptors present in these cells , the nonspecific fluorescence intensity appears to be relatively high as compared with the total fluorescence intensity. Quantifying the nonspecific fluorescence intensity in two independent experiments, however, showed that this did not vary significantly between experiments ( x = 20.8 * 0.21) and, as above, is independent of the EGF-biotin concentration used ( Figure 4A ). The standard deviation between scans of 10-12 different areas in the presence of excess EGF is small, so that a mean value for nonspecific fluorescence intensity/ p2 ( Figure 4A ) at each EGF-biotin concentration could be used to distinguish the specific component of the total cell fluorescence/ pm2. Figure 4B thus shows that the specific fluorescence intensity increases with increasing EGF-biotin concentration. In a parallel experiment, specific binding was also determined at the same EGF concentrations with [lZsI]-EGF, as described in Materials and Methods. Figure 4B shows a close correlation between the specific fluorescence intensity/ p2 and specifically bound radioactivity, both values increasing with increasing EGF concentrations. At EGF concentrations of 2, 20, and 200 ng/ml it can be calculated that 11,500,40,500, and 69,000 receptors per cell, respectively, are occupied. The limit of sensitivity of this method is therefore estimated as at or just below 10,000 receptors per cell.
Relationshz) Between Fhorescence Intenszty and Receptor Density
To correlate the specific fluorescence intensity/m2, determined by CUM, directly with the number of occupied receptors, determined from radioactive binding studies, we have calculated the receptor density. The cell surface area was determined by the CLSM as described in Materials and Methods. It should be noted that the surface area determined in this manner is an underestimate, since the contribution of cell surface extensions and microvilli to the total cell surface area cannot be determined. However, this shortcom- Figure 5A , a plot of the specific fluorescence intensity/ pn12 against the density of occupied receptors/ p2 in Pl9END-2 cells yields a linear relationship through the origin. It is clear that this linear relationship can be used to calculate the receptor density from the fluorescent CUM data. It can be argued that the slope of the line is dependent on the cell type, being sensitive to phenomena such as steric hindrance or signal amplification. Therefore, the same relationship was determined in another cell type that expresses approximately the same number of EGF receptors, i.e., P19EPI-7 (Mummery et al., 1985) . As shown in Figure 5A , in this cell type also the same relationship between fluorescence intensity and receptor density appears to exist, suggesting that the relationship may be of general applicability. However, since both PlgEND-2 and Pl9EPI-7 cells have rela- tively low numbers of EGF receptors per cell, the same relationship as shown in Figure 5A was determined for A431 cells from the data presented in Figures 1 and 2. As shown in figure 5B , in A431 cells a curvilinear relationship exists between specific fluorescent intensitylpn-2 and receptor density/pd. This demonstrates that at high receptor densities the fluorescence intensity is influenced by other processes, such as steric hindrance or quenching of the fluorescent probe (Ploem and Tanke, 1987) . At present we do not fully understand the reason for the deviation from linearity; of interest, however, is the observation that if the relationship between fluorescent intensity and receptor density as obtained for P19END-2 cells (Figure 5A ) is plotted in Figure 5B (dotted line), the data obtained with low levels of occupied receptors in A431 cells are in close proximity to the dashed line, indicating that the deviation of linearity may be caused by the receptor density rather than by specific features of particular cell types.
Localization of EGF Receptor Studied by CLSM
In addition to the possibility of quantifying the fluorescence intensity by CLSM, another important feature concerns that of making optical sections to study the cell distribution of the labeled molecules. Intact A431 cells were therefore incubated in the presence of 20 ng/ml EGF-biotin for 2 hr at 4"C, then fixed and labeled as described in Materials and Methods. The cells were then scanned by CLSM, taking optical sections from the substratum toward the apical side of the cells, as shown in Figure Figure GA from the left to right, suggests that some labeling may be intracellular. However, visualization of the same cells in a stereo image in three dimensions, as shown in Figure GB , demonstrates that the labeling is exclusively present on the cell surface. This is particularly evident in the cells on the left in Figure GB , which have probably been damaged after fixation. The apparent intracellular fluorescence observed is due to the fact that the optical sections are 1 pm in thickness; in optical sections of less than 1 pm only surface labeling is seen (Figure 7 ) .
In this study we have demonstrated that the CLSM is a powerful tool for detecting growth factor receptors on single cells. Using EGFbiotin as the ligand to bind the EGF receptor in combination with a fluorescent secondary antibody in a model system, we have shown that CLSM is able to detect low numbers of receptors on individual cells, with a lower limit below 10.000 receptorslcell. In addition to allowing quantification of the binding, CUM is also equipped to study the growth factor receptor localization, either by applying three-dimensional visualization through stereo images or by making optical sections. These features of CLSM make it attractive for establishing the presence of growth factor receptors, e.g., in pre-implantation murine embryos, because not only can cells be detected that express low receptor numbers but the cells can also be identified by their position in the embryo or by double labeling protocols with cell type specific antibodies .
